Abstract: Managing vegetation in urban environments requires an understanding of its structure, atmospheric interactions and function. This has led to quantification and development of models to estimate the functions of urban vegetation, particularly the integrated effects that take place between vegetation and local atmospheres. The Urban FORest Effects (UFORE) model (developed in North America by the U.S Forest Service (USFS)) provides a method of quantifying multiple functions of urban vegetation including the structure, deposition of air pollutants, emission of biogenic volatile organic compounds (BVOCs), carbon store and annual carbon sequestration, and identifies those species which are most effective at improving local air quality. It has had limited international applications and has not been applied to an Australian environment. This study applied UFORE to the vegetation on public owned land contained in several western suburbs of Perth, Western Australia.
INTRODUCTION
The benefits and functions of urban vegetation have received growing interest from both urban ecology researchers and town planners. Of particular importance is the role of urban vegetation in the modification of the local atmosphere, including both removal and emission of harmful atmospheric pollutants. Many researchers have attempted to model and quantify this role to better understand the contribution of vegetation to improving air quality and sustainability in urban areas, with the majority of research conducted in the U.S and Europe. The incorporation of vegetation into air quality management plans is not a new concept. In the early 1930s it was used in Moscow to provide clean air and recreation to citizens (Boentje & Blinnikov 2007) . The type of vegetation used for the purpose of managing air quality must be able to tolerate the conditions experienced in urban environments including increased concentrations of air pollutants, the features of urban soils and the local climate, yet still have a significant lifespan as removal and replacement costs can be high (Yang et al. 2005) .
Within a region the composition and sources of air pollutants are not static; they vary with changes in industry, per capita income, number and type of motor vehicles, and government policies (Bokwa 2008; Fenger 1999; Kreyling et al. 2003; White 1994a) . Hence monitoring of air pollutants is essential, especially in fast-growing cities such as Perth, Western Australia. Here, a network of monitoring stations measure air pollutants as defined by the National Environmental Protection Measure (NEPM) for Ambient Air Quality; CO, NO 2 , photochemical oxidants (measured as O 3 ), SO 2 , lead and PM 10 (particulate matter <10 µm) (Department of Environmental Protection 2000) . In Perth the NEPM standards are rarely exceeded; in 2006 there were only 5 exceedences and all were for PM 2.5 (PM <2.5 µm), caused by prescribed bushfire management of fire-prone areas or low wind conditions causing a recirculation of air and accumulation of wood-smoke (Department of Environment and Conservation 2007). The meteorology of the Perth region can also lead to exceedences in O 3 in summer with high sunlight, hot temperatures and oscillating wind patterns recirculating the air (Environmental Protection Authority 2007).
The Perth region's growth, combined with scattered suburbs and increased car dependence (and hence pollutant emissions) can greatly influence future air quality. Urban sprawl can also be significant for vegetation through clearing of native vegetation for development and an increase in the stresses experienced by urban vegetation. This is of particular importance for the Perth region, located in one of 20 global biodiversity hotspots (Myers et al. 2000) . The unique and endemic nature of native plants in Australia, and the lack of research into their physiology present issues in modelling their role in atmospheric interactions within urban areas, so the full potential and contribution of urban vegetation to air quality has not yet been realised. This study, in collaboration with Western Regional Organisation of Councils (WESROC), applied the Urban FORest Effects (UFORE) model to vegetation on public owned land in several western suburbs of Perth, over two seasons (summer and winter 2008) . UFORE developed by the U.S Forest Service (USFS, Nowak and Crane, 2000) models several vegetation-atmosphere interactions; the monthly amount of SO 2 , NO 2 , CO, O 3 and PM 10 removed by the vegetation, along with the yearly rate of carbon sequestration and biogenic VOC (BVOC) emissions; using extensive vegetation, meteorological and air pollutant data. BVOC emissions generally exceed anthropogenic emissions on a global scale and are much more reactive than anthropogenic emissions, making BVOCs a large contributor to the formation of O 3 and smog (Benjamin & Winer 1998; Guenther et al. 1995) . Overall the UFORE analysis in WESROC provides insight into the local atmospheric impact of the current species composition on public land, and identifies those species that are most effective at improving local air quality through deposition of pollutants.
STUDY AREA
Perth, the capital city of Western Australia is located in the south-west of the State. The region is predominantly flat, spanning approximately 5,500 km 2 . The climate is Mediterranean, with hot dry summers and cool wet winters. Air quality in this region is influenced by the seasonal meteorology. On calm cold nights temperature inversions can trap air pollutants near the ground resulting in elevated concentrations, while elevated temperatures and high sunlight in summer can promote the formation of photochemical smog (Department of Environmental Protection 2000). As is common in many coastal cities, Perth experiences a recirculation of air pollutants whereby early morning emissions pushed over the ocean by the land breeze can be brought back over the land in the afternoon by the developing sea breeze (Yimin & Lyons 2003) . The specific study area is located in the WESROC between Perth and Fremantle, extending between the coast and river as shown in Figure 1 , with an area of 6,320 ha. The population in 2006 of the 6 councils participating in the study was approximately 80,000 (Australian Bureau of Statistics 2009). Most of land use in the area is residential and commercial with a small amount of industry (WESROC 2002) . Vegetated areas in the study area are fragmented and characterised by large grassed areas and high levels of exotic species (Ficus macrophylla (Moreton Bay Fig) and Platanus x acerifolia (London Planetree)) on streetscapes, developed parks, and institutional land, although about 10% of the area is remnant native vegetation (WESROC 2002) . Of interest in this study was the vegetation located on public land within WESROC (education, hospitals, cemeteries, local government buildings, parks, recreation facilities and road reserves) accounting for 39% of the study area. A randomised grid-sampling pattern was used to select field-sampling sites. A 200 m x 200 m grid was laid across a map of the study area and points randomly placed in a selected number of grid cells using a Geographic Information System (GIS), providing a good spatial spread across the area.
THE UFORE MODEL STRUCURE AND DATASETUP

Conceptual framework
Though past research focus has been on the recreational and amenity value of urban vegetation (Niemelä 1999), increasing interest has been placed on environmental functions including the carbon stored in and sequestered annually by vegetation, the emission of BVOCs, and deposition of atmospheric pollutants. The UFORE model provides a method of quantifying these interactions between urban vegetation and the local atmosphere, by combining local data with current knowledge and parameterisations. Conducting a UFORE analysis involves multiple steps, as shown in Figure 2 . It was used in the present study to estimate the amount of dry deposition of air pollutants, BVOC emissions, and carbon storage and sequestration, in vegetation located on public land in the study area.
The functional calculations contained in UFORE are based on a number of field data, hourly meteorological (MET), and hourly pollutant concentration measurements, in this study for the period December 2007 -November 2008. The MET parameters required were specified by the USFS and data obtained from the two closest Bureau of Meteorology (BoM) stations (Swanbourne and Mt Lawley), supplemented with more detailed data from the Perth Airport station. Several parameters were calculated from 3-hourly synoptic data. Hourly pollutant data were obtained from three Department of Environment and Conservation (DEC) the UFORE analysis for WESROC monitoring stations within, or near to, the study area; Swanbourne, within the study area boundary, Duncraig to the north, and South Lake to the south. O 3 and NO 2 measurements were taken from Swanbourne station, CO and PM 10 from Duncraig, and SO 2 from South Lake. Gaps and erroneous (negative) values in the data were replaced with the monthly averages of the relevant pollutant for the specific hour . The final data (Table 1) show clear seasonal differences, particularly between summer and winter, with NO 2 and CO concentrations markedly higher in winter. Field data provide local vegetation and land cover information. A total of 40 plots were initially sampled. At each, information on the land use, groundcover, shrub and tree characteristics (species, height, canopy dimensions) were measured. All plots located in remnant bushland were classified under the 'vacant' land use after consultation with the UFORE developers. As the equations used in UFORE classify 'park' trees as subject to improved growing conditions (pruning, watering, fertilization), the 'vacant land' classification was more representative of growth and maintenance conditions experienced in remnant bushland areas. Following the survey the study area was stratified into 3 land classes: public services (schools, libraries, hospitals), parks/recreation (developed and undeveloped parks, ovals, golf courses) and transportation (roads and road verges). Using the formula below based on the number of trees per plot, additional plots were placed in each land class, making a total of 76 plots:
(1)
Where M h (opt) is the optimal number of plots for the land class, M h and are the number of plots sampled and mean number of trees in each land class, and S h is the standard deviation for the land class. Once all the required data were gathered they were entered into UFORE by the USFS, providing output for analysis. UFORE uses information from a database of trees which contains the relevant data for structural and BVOC emission calculations obtained from literature sources. Although many common native Australian vegetation species are represented in the databse, for some less common species an equivalent 'replacement' species was determined after consultation with the USFS and Plant Biologists at UWA. Selection was primarily based on the closest relative from the same genera, or on structural, leaf and biomass characteristics that best represent the atmospheric role of the species (emissions and deposition). Details of the formulas used in UFORE to calculate the parameters and functions of the vegetation can be found in Nowak (1996) , Nowak et al. (1998) , Nowak & Crane (2000) and Nowak et al. (2008) .
RESULTS AND DISCUSSION
Structure of the urban vegetation in WESROC
There are an estimated 191,700 (± 53,800) trees located on public land in WESROC. Tree cover is 22% while shrub cover is 12% (Table 2) . Comparison between WESROC and several U.S cities shows tree cover in WESROC markedly higher than in San Francisco, CA (12%) and Philadelphia, PA (16%) and similar to Baltimore, MD (21%) and New York, NY (21 %) (Nowak et al. 2007) . Tree density was 83 (±23) trees/ha, higher than in many U.S cities which have had UFORE analyses conducted, including San Francisco, CA (9 trees/ha) and Brooklyn, NY (6 trees/ha) Nowak et al. 2007) . Of the 63 species identified during field sampling, 30 were represented by a replacement species, generally by a similar species in the same genera. Based on the species input to UFORE (i.e. using replacement species), the following 4 genera were estimated to have the most individuals located in the study area: Eucalyptus 20,300 (±17,400), Acacia 45,100 (±40,000), Grevillea 25,000 (±13 100) and Hakea 19,500 (±15,300). The majority of trees were in 'good' (1-10% dieback) or 'excellent' (<1% dieback) condition (49% and 15% of trees respectively), with 9% classified as 'dead' (100% dieback). Species in the worst condition were associated with remnant native bushland including Hakea laurina (used to represent all Banksia species) (12% dead), Acacia cyclops (16% dead) and Eucalyptus marginata (25% dead). Table 2 summarizes the overall structural characteristics. Eucalyptus gomphocephala had the greatest leaf area density (LAD) 1,020 (±440) m 2 /ha and greatest leaf biomass density 140 (±60) kg/ha. Though LAD indicates those species currently providing the most surface area for pollutant deposition, a measure of leaf area per ground area (LAI) is a more useful indicator of those most effective for pollutant deposition. Species input to UFORE with a high LAI >4.97 are given in Table 3 . 
Dry Deposition of Air Pollution
Meteorological conditions (particularly wind speed and direction) can influence pollutant dispersal and hence removal rate. In Perth winter months are generally characterised as calm with low average wind speeds, while summer months have strong easterly winds in the morning (9am) and strong south-westerly winds in the afternoon (3pm) (National Climate Centre 2008). Overall the UFORE analysis gave a total of 294 tonnes of air pollutants removed annually by vegetation in WESROC. Pollutant removal for PM 10 from June-November was based on an incomplete data set, so the amount removed (6 tonnes) cannot be compared to annual removal of the other pollutants. Excluding PM 10 removal and standardised to grams of pollutants removed per m 2 canopy area, the removal rate was 16.0 g/yr/m 2 canopy area. This is in contrast to Brooklyn, NY where a markedly lower rate was estimated (7.5 g/yr/m 2 ) and similar to San Diego, CA (11.8 g/yr/m 2 ) (both excluding PM 10 removal) Nowak, Crane & Stevens 2006) . Pollutant removal was greatest for O 3 (183 tonnes, or 62 %), followed by NO 2 (51 tonnes), CO (45 tonnes), and SO 2 (10 tonnes). O 3 was also the greatest proportion of total pollutant removal in San Diego, CA (78 %) and Brooklyn, NY (42 %) (Nowak, Crane & Stevens 2006; . This trend was also shown in per area pollutant removal for Beijing, China, (Yang et al. 2005) and Brooklyn, NY where O 3 removal per m 2 land area was the highest of all pollutants measured (Table 4) . Per area, pollutant removal was markedly lower than WESROC in both of these cities (Table 4 ). The lower value in Brooklyn can mainly be attributed to the lower evergreen vegetation (3.8 %) and cooler climate . Peak pollutant removal varied for individual pollutants, with CO, NO 2 and O 3 removal highest in July (9 tonnes), August (7 tonnes) and October (23 tonnes) respectively, whilst the peak removal of SO 2 occurred in January (2 tonnes) (Figure 4 ). Monthly variation in average concentration of individual pollutants follows a similar trend to monthly pollutant removal rates. Strong correlation coefficients were observed for CO (0.99), NO 2 (0.98), PM 10 (0.93, June-November) and SO 2 (0.96), however the correlation was lower for O 3 (0.45). 
BVOC Emissions
Vegetation on public land in WESROC emitted an annual total of 119 tonnes of BVOC, the majority of which was isoprene (81 %). Emissions from trees (104 tonnes) averaged 20.0 g BVOC/m 2 canopy cover/yr while shrub emissions (15 tonnes) averaged 5.6 g BVOC/m 2 canopy cover/yr. Emissions of BVOCs were highest in March (24 tonnes) and lowest in July (3 tonnes) with variation closely following average monthly temperatures. Monthly and diurnal variation in BVOC emissions can generally be attributed to variations in light intensity and leaf temperature (Guenther 1997) . UFORE uses genus-specific emission factors based on taxonomic methodology. Several researchers have used the taxonomic methodology for assigning emission rates where no species measurements are available. The basic principle is that within broad qualitative ranges, taxonomic relationships between plant species at the lowest possible level (genus, then family) can be used to allocate measured emission rates to other species within that level (Benjamin et al. 1996) . Analysis revealed Eucalyptus had highest overall BVOC emission (82,000 kg/yr), far higher than emissions of any other genera, while Prunus had the lowest overall emissions (2 kg/yr). When standardised to kg BVOC emitted per kg of leaf biomass Eucalyptus, Casuarina (used to represent Allocasuarina species) and Platanus emitted large amounts of BVOC (0.20, 0.19 and 0.16 kg BVOC/kg leaf biomass respectively), while Prunus, Rosa, Grevillea, Olea, Cupressus and Jacaranda were all low emitters (0.01 kg BVOC/kg leaf biomass).
Carbon Storage and Sequestration
A total of 960 (±160) tonnes of carbon were sequestered annually by trees located on public land in WESROC. Net annual sequestration (taking into account tree condition) was 810 (±140) tonnes, or 0.3 (±0.06) tonnes/ha. The net annual sequestration is less than the total carbon sequestration due to the poor condition of vegetation in remnant native vegetation bushland ('poor' or 'dying' condition) . For some species a negative sequestration rate was determined as 100% of the individuals sampled were in a 'dying' condition, hence tree decay and re-release of stored carbon is greater than the amount sequestered annually. Potential release of carbon due to tree death was taken into account using annual mortality rates derived from a previous study. All dead trees on vacant/ transportation land use and 50% in parks land use were assumed to decompose over a period of 20 years. For all other land uses it was assumed that a dead tree is removed within 1 year of tree death. Total carbon storage was 35,640 (±8,280) tonnes, with an average of 15 (±4) tonnes of carbon stored per hectare of land. Carbon storage on a per tree basis was highest in Eucalyptus gomphocephala (2,160 kg carbon/tree) and Ficus rubiginosa (1,920 kg carbon/tree) while Acacia cyclops and Ceanothus verrucosus had the lowest (7 kg/tree). The large mature size of both E gomphocephala and F rubiginosa result in a larger amount of carbon stored as biomass. Species with high annual net carbon sequestration included F rubiginosa (33.0 kg carbon/tree/yr) and E leucoxylon (23.0 kg carbon/tree/yr).
SUMMARY AND CONCLUSIONS
An overall summary analysis of the UFORE model outcomes on the urban vegetation-atmosphere interaction functions in WESROC are; those species best at pollution removal are generally those possessing needle-like leaves, including species such as the Norfolk Island Pine (Araucaria heterophylla) and Allocasuarina fraseriana (Sheoak). Species with this leaf-form are more effective at capturing pollutants (particularly particulate pollutants) than broad-leaved species due to the greater leaf area and higher turbulent flow around the leaf increasing the rate of impaction (Beckett, Freer-Smith & Taylor 2000) . Leaf Area Index (LAI) can indicate which species have the most amount of leaf surface area per ground area, to identify those species which have the potential to improve pollutant deposition. In the species lists complied there were a limited number of low BVOC emitting species (Grevillea sp., Jacaranda mimosifolia) with many of the native vegetation being high BVOC emitters (Allocasuarina, Eucalyptus Melaleuca). Carbon sequestration (per tree) was highest in Norfolk Island Pine (Araucaria heterophylla), Callistemon viminalis, and Lophostemon confertus. Species that maximise one function may not be effective in another. For example several Eucalyptus species have high carbon sequestration rates, but overall Eucalyptus is a high BVOC emitter. There are also several species that maximise more than one function including Araucaria hetrophylla (high LAI, high annual carbon sequestration) and Jacaranda mimosifolia (high annual carbon sequestration, low BVOC emissions). Therefore in planning, final species selection will vary on the specific vegetation function that is of priority; maximising pollutant removal or carbon sequestration, or minimising BVOC emissions.
In conclusion UFORE presents a relatively straightforward method of estimating multiple urban vegetation functions. The study has provided insight into the local atmospheric impact of the current species composition on public land in WESROC. It also identifies those species that are most effective at improving local air quality. A lack of relevant native vegetation data in Australian environments diminishes the effectiveness of UFORE estimates. Through consultation with the USFS the applicability of UFORE in this environment can be improved to enable more widespread use, and incorporation of vegetation into air quality management plans and policy. There are many complex processes involved in both the removal of pollutants from the local atmosphere and the emission of BVOCs that are currently unknown. For the WA environment there are physiological differences in vegetation to those of the region for which the UFORE was developed. With limited data available, the nearest similar surrogates had to be used. Also the effect of resource limitations on the local plant growth is also unknown. Further it is difficult to accurately model the dispersion of pollutants at different regional and local small scales. Hence these results provide a first approximation of the influence vegetation has on a local urban atmosphere in WA. A significant contribution to the knowledge of vegetation-atmosphere interactions in a unique Australian environment, including how native vegetation can be incorporated into the model when there is limited physiological research available. The outcomes enable further modelling to increase understanding and quantify the role of urban vegetation in Australia on atmospheric quality and the types of vegetation that will maximise atmospheric benefits.
